The duplication of genes and genomes is believed to be a major force in the evolution of eukaryotic organisms. However, different models have been presented about how duplicated genes are preserved from elimination by purifying selection. Preservation of one of the gene copies due to rare mutational events that result in a new gene function (neofunctionalization) necessitates that the other gene copy retain its ancestral function. Alternatively, preservation of both gene copies due to rapid divergence of coding and noncoding regions such that neither retains the complete function of the ancestral gene (subfunctionalization) may result in a requirement for both gene copies for organismal survival. The duplication and divergence of the tandemly arrayed homeotic clusters have been studied in considerable detail and have provided evidence in support of the subfunctionalization model. However, the vast majority of duplicated genes are not clustered tandemly, but instead are dispersed in syntenic regions on different chromosomes, most likely as a result of genome-wide duplications and rearrangements. The Myb oncogene family provides an interesting opportunity to study a dispersed multigene family because invertebrates possess a single Myb gene, whereas all vertebrate genomes examined thus far contain three different Myb genes (A-Myb, B-Myb, and c-Myb). A-Myb and c-Myb appear to have arisen by a second round of gene duplication, which was preceded by the acquisition of a transcriptional activation domain in the ancestral A-Myb/ c-Myb gene generated from the initial duplication of an ancestral B-Myb-like gene. B-Myb appears to be essential in all dividing cells, whereas A-Myb and c-Myb display tissue-specific requirements during spermatogenesis and hematopoiesis, respectively. We now report that the absence of Drosophila Myb (DmMyb) causes a failure of larval hemocyte proliferation and lymph gland development, while Dm-Myb Ϫ/Ϫ hemocytes from mosaic larvae reveal a phagocytosis defect. In addition, we show that vertebrate B-Myb, but neither vertebrate A-Myb nor c-Myb, can complement these hemocyte proliferation defects in Drosophila. Indeed, vertebrate A-Myb and c-Myb cause lethality in the presence or absence of endogenous Dm-Myb. These results are consistent with a neomorphic origin of an ancestral A-Myb/c-Myb gene from a duplicated B-Myb-like gene. In addition, our results suggest that B-Myb and Dm-Myb share essential conserved functions that are required for cell proliferation. Finally, these experiments demonstrate the utility of genetic complementation in Drosophila to explore the functional evolution of duplicated genes in vertebrates.
I
T has been extensively reported that genome or large a single homolog in modern invertebrate species such as the sea urchin, Drosophila, and Caenorhabditis elegans chromosomal regional duplications may be responsible for the structure and evolution of vertebrate genomes (Holland 1999; Meyer and Schartl 1999) . Conclusive support for whole-genome duplication as a source from preduplication invertebrate genomes (Abi-Rached for duplicate gene innovation has recently been shown et McLysaght et al. 2002; Panopoulou et al. for the yeast Saccharomyces cerevisiae. Analysis of the com-2003). For example, at least 15% of the known human plete genome of a related yeast species, Kluyveromyces genes are recognizable as duplicates (Li et al. 2001) .
walti, has demonstrated that the genome of S. cerevisiae While controversial, it has been proposed that verteis a degenerate tetraploid that arose from an ancient brate genome evolution has occurred through two whole-genome duplication after the divergence of the whole-genome duplication events that are thought to two species from a common ancestor (Wolfe and have occurred early in vertebrate evolution ‫005ف‬ milShields 1997; Kellis et al. 2004) . lion years ago (Ohno 1999) . Consistent with this model,
Of considerable interest in the study of gene and many vertebrate multigene families are represented by genome evolution is the mechanism(s) by which duplicated genes are preserved in the face of constant selective pressure (reviewed in (Prince and Pickett 2002) .
1 by mutations or eliminated by genomic rearrangements analysis of animal Myb proteins suggests that the vertebrate Myb genes may have arisen via the putative whole-(nonfunctionalization); (2) both copies are retained due to a rare mutational event in one copy that creates genome duplication events mentioned above, in that A-Myb and c-Myb arose via a more recent gene duplication, a selective advantage (neofunctionalization); and (3) both copies are retained due to complementary losswith the common ancestor of A-Myb and c-Myb resulting from a duplication of a B-Myb/Drosophila Myb-like gene of-function mutations that can occur at the level of regulatory regions well as protein structural domains (Simon et al. 2002) . The duplication that generated the ancestral A-Myb/c-Myb gene was followed by the in-(subfunctionalization). Duplicated genes can occur in tandem arrays (e.g., the Hom/Hox gene clusters), dissertion of a DNA sequence that encodes the highly conserved transcriptional activation domain present persed duplications residing on syntenic chromosomal regions (e.g., the three different immunoglobulin chain only in A-Myb and c-Myb, but not in B-Myb or Dm-Myb. All three vertebrate Myb genes have been implicated genes), or via recent whole-genome duplication (e.g., the polyploid nature of cereal crops such as maize).
in cell proliferation and malignancies (Ganter and Lipsick 1999) . c-Myb expression is required for definitive Increased ploidy has occurred in some vertebrate lineages, including the salmonid fish, zebrafish, Xenopus hematopoiesis since targeted disruption of the c-Myb gene in mice results in late embryonic death due to a laevis, and the red viscacha rat, as a result of additional genome-wide duplications that appear to have occurred failure of fetal liver hematopoiesis (Mucenski et al. 1991) . The expression of c-Myb has also been detected much more recently (Bailey et al. 1978; Hughes and Hughes 1993; Amores et al. 1998; Gallardo et al. in immature epithelial cells in a variety of tissues including the colon, respiratory tract, skin, and retina (Queva 1999).
The subfunctionalization model was proposed Sitzmann et al. 1995) . The expression of the A-Myb gene also occurs in a tissue-specific manner, with large part due to comparative studies of the Hox genes of mice and zebrafish (Force et al. 1999; Lynch and the highest levels occurring in germinal center B-lymphocytes, mammary gland ductal epithelium, the testis, Force 2000). For example, complementary degenerative mutations in the cis-regulatory regions that control and the central nervous system (Sleeman 1993; Mettus et al. 1994; Trauth et al. 1994) . Mice with a targeted the putative ancestral expression of the mouse Hoxb1 gene have been subdivided between the present-day disruption of the A-Myb gene are viable but exhibit a failure of spermatogenesis and of mammary gland prolifzebrafish hoxb1b and hoxb1a gene duplicates (McClintock et al. 2002) . However, it remains unclear whether eration in response to pregnancy (Toscani et al. 1997) .
In contrast to the tissue-specific expression of A-Myb studies of unusually large tandemly arrayed duplicate genes such as those in the Hox clusters can be generaland c-Myb, B-Myb is ubiquitously expressed throughout mouse development (Sitzmann et al. 1996) . The B-Myb ized to explain the preservation of many dispersed gene duplications that occurred during vertebrate evolution gene is thought to play a role in cell cycle progression and, similar to other S-phase genes, is directly regulated from a common ancestor shared with modern invertebrates.
by the p16/cyclin D/Rb family/E2F pathway (Lam and Watson 1993; Zwicker et al. 1996) . The B-Myb "knockWe believe that a functional analysis of the vertebrate Myb gene family in Drosophila may provide another out" mouse phenotype is early embryonic lethality at days 4.5-6.5 with apparent defects in inner cell mass useful model system to understand the survival of duplicate genes during vertebrate evolution. Vertebrate geformation (Tanaka et al. 1999) . Drosophila Myb (Dm-Myb) was initially implicated in nomes contain three different Myb genes (A-Myb, B-Myb, and c-Myb), which in humans and mice reside on three cell cycle progression with a role in G 2 /M progression (Katzen and Bishop 1996; Katzen et al. 1998) . These different chromosomes in regions that appear to be syntenic between human and mouse. Invertebrates such findings were supported by experiments demonstrating Dm-Myb-induced expression of cyclin B, an important as Drosophila and invertebrate chordates such as sea urchin (Strongylocentrotus purpuratus) and sea squirt (Ciregulator of the G 2 /M transition (Okada et al. 2002) .
Further experiments have demonstrated a role for Dmona intestinalis) contain a single member of the Myb gene family. Genes encoding closely related Myb doMyb in the maintenance of genomic integrity and in the suppression of centrosome amplification (Fung et mains have been identified in the cellular slime mold (Dictyostelium discoideum) and in all major plant lineages al. 2002) , with ectopic expression of Dm-Myb promoting proliferation in diploid cells and suppressing endore- (Stober-Grasser et al. 1992; Braun and Grotewold 1999; Kranz et al. 2000) . In fact, Myb repeat-containing duplication in endocycling cells (Fitzpatrick et al. 2002) . Analyses of Dm-Myb null larvae have suggested proteins are highly represented in plants, with Ͼ200 Myb domain-encoding genes represented in maize and the primary cell cycle defect occurs in S-or G 2 -phase, resulting in a variety of M-phase abnormalities such as Ͼ100 present in Arabidopsis, demonstrating the utility of Myb gene duplication during the evolution of flowanomalous chromosomal condensation, increased aneuploidy and polyploidy, and spindle defects (Manak ering plants (Rabinowicz et al. 1999; Riechmann et al. 2000; Stracke et al. 2001; Dias et al. 2003) . Phylogenetic et al. 2002) . Further supporting a role in S-phase, Dm-Myb is required for amplification of the chorion gene factor (VEGF; Cho et al. 2002; Munier et al. 2002) , and Notch (Duvic et al. 2002; Lebestky et al. 2003 Myb genes to complement Dm-Myb null mutations would (Manak et al. 2002) (Daga et al. 1996) were balanced over (Lanot et al. 2001) . Differentiation of putative hematoresponse element) were crossed with flies carrying the GAL4-poietic stem cells gives rise to three characterized hemoe33c enhancer trap (Brand and Perrimon 1993 
Janus kinase and signal transducers and activators of
Immunohistochemistry: Lymph glands from wandering third instar larvae of the appropriate genotype were carefully transcription (JAK/STAT), vascular endothelial growth dissected in Schneider's medium containing 10 mm ethylenelarvae for 10 min at 70Њ, which results in a specific blackening of these cells. Heated larvae used for sectioning were fixed diaminetetraacetic acid (EDTA) and a protease inhibitor cocktail (Complete, Mini, EDTA-free, Roche, Indianapolis). The for 4 hr on ice in 4% formaldehyde in PBS. The fixed larvae were then paraffin embedded, sectioned, and stained with lymph glands were fixed to poly-lysine-coated slides in PBS containing 4% formaldehyde for 15 min. After several washes Wright/Giemsa stain. Flow cytometry probes: Two probes were used for the purwith a buffer containing PBS and 0.2% Triton X-100 (PBST), the tissue was blocked for 1 hr in PBST and 1% BSA (PBSTB) pose of gating hemocytes: monochlorobimane (MCB; Sigma, St. Louis) and PI (Molecular Probes). MCB is a cell-permeable, at room temperature and then incubated in PBSTB overnight at 4Њ with the primary antibody at the appropriate dilution nonfluorescent probe that is conjugated to intracellular glutathione (GSH) by glutathione-S-transferases (GSTs), leading [mouse anti-Myb (5E) at 1:200 (Sleeman 1993); mouse antito the formation of fluorescent glutathione-S-bimane adducts BrdU, Alexa Fluor 488 conjugate at 1:20 (Molecular Probes, (excited at 407 nm; measured with a 440/40-wavelength/band Eugene, OR); rabbit anti-phosphohistone H3 (PH3) at 1:500 pass-collection filter). Thus, MCB can be used as a specific (Upstate Biotechnologies, Lake Placid, NY); mouse anti-␤-gal probe to measure intracellular GSH levels within living cells at 1:2000 (Promega); wheat germ agglutinin (WGA) Alexa (Herzenberg et al. 1997) . PI (excited at 488 nm; measured Fluor 633 conjugate at 1:500 (Molecular Probes)]. Several with a 665/30 collection filter) is excluded from live cells washes in PBST were followed by a 2-hr incubation in PBSTB but readily enters into dead cells through their permeable with the appropriate secondary antibody at room temperature membrane and intercalates into their DNA to yield bright [goat anti-mouse IgG Alexa Fluor 594 or Alexa Fluor 488; goat fluorescence. Cells were incubated with probes for 20 min at anti-rabbit IgG Alexa Fluor 594 or Alexa Fluor 488 diluted to room temperature in the dark in 1 ml of staining medium 1:500 (Molecular Probes)]. The tissue was washed several times consisting of RPMI 1640 medium with 2.5 mm probenecid in PBST and was treated with DNase-free RNase A (2 mg/ml).
(Sigma) at pH 7.4. Probenecid is used to inhibit efflux of The lymph glands were finally mounted in Vectashield fluoglutathione-S-bimane adducts. Cells were washed once with rescent mounting medium (Vector Laboratories, Burlingame, 10 ml ice-cold staining medium and centrifuged for 5 min at CA) containing the nucleic acid stains propidium iodide (PI) 4Њ at 1500 rpm. Supernatant was discarded and the pellet was or TOTO-3 (Molecular Probes). Images were obtained with kept on ice and resuspended in staining medium with 2 m a Nikon PCM confocal microscope.
PI, just before acquisition on the FACS.
Statistical analysis: Statistical analysis of PH3-positive lymph
Acquisition and analysis of FACS data: Samples were acgland hemocytes was performed using the Microsoft Excel quired on a modified FACStarPlus (Becton Dickinson, Franksoftware. Lymph glands were analyzed for each genotype and lin Lakes, NJ) equipped with three lasers (krypton laser at the ratio of PH3-positive hemocytes to total number of hemo-407 nm, argon laser at 488 nm, and dye laser at 595 nm) and cytes was evaluated using Student's t-test (two-sample assuming connected to MoFlo electronics (Cytomation, Fort Collins, unequal variances), with values of P Ͻ 0.05 considered as CO) supplemented with home-built electronics (Stanford statistically significant. Shared FACS Facility, Stanford, CA). Data were archived via Hemocyte proliferation: Late third instar larval lymph FACS-Desk software and compensated, analyzed, and preglands were dissected in Schneider's medium and the protocol sented using FlowJo software (Tree Star, San Carlos, CA). for the ABSOLUTE-S SBIP Cell Proliferation assay kit (MolecuThe FACS instrument was standardized with fluorochromelar Probes) was followed as per manufacturer's instructions containing beads so that the fluorescence reading in each with the following exceptions. Briefly, lymph glands were incuchannel was automatically adjusted to a value that is mainbated at room temperature for 40 min in 1 ml of Schneider's tained constant. This ensured that data obtained on different medium containing 2 l of BrdU Photolyte stock solution.
days were comparable. Dimethyl sulfoxide (DMSO) was added to the incubation to Total RNA isolation and real-time PCR: Five flies were snap a final concentration of 2% (v/v) and 2 l of photolyte enfrozen for each time point and total RNA was prepared achancer. The lymph glands were incubated for an additional cording to the animal tissue isolation protocol using the 20 min. The tissue was fixed to poly-lysine-coated slides and RNeasy Mini kit (QIAGEN, Valencia, CA), with the addition washed as described above. Slides were placed on the illumiof DNase I treatment to degrade the genomic DNA. RNA nating surface of a UV light box for 10 min. Following UV prepared from these flies was subjected to real-time RT-PCR treatment the lymph glands were washed with the wash buffer analysis using published conditions (Schneider and Shahaprovided. The DNA-labeling solution was prepared according buddin 2000). RT-PCR was conducted using a Bio-Rad (Richto the kit instructions and the lymph glands were incubated mond, CA) iCycler with TaqMan probes and rTth polymerase for 60 min at 37Њ. The tissue was rinsed several times with the (Perkin-Elmer, Norwalk, CT) as per manufacturer's direcrinse buffer provided and the antibody staining was performed tions. The following primers were used: for diptericin, left as described above.
primer (5Ј) ACC GCA GTA CCC ACT CAA TC (3Ј), right Injection and bacterial experiments: Approximately 50 nl primer (5Ј) CCC AAG TGC TGT CCA TAT CC (3Ј), and of AlexaFluor594-labeled fluorescent heat-killed Escherichia Taqman probe 6FAM-TCC AGG GTC ACC AGA AGG TGT coli (Molecular Probes) were injected into late third instar G-TAMRA; for drosomycin, left primer (5Ј) GTA CTT GTT mosaic larvae generated via the MARCM system. Injections CGC CCT CTT CG (3Ј), right primer (5Ј) CTT GCA CAC were performed using the Picospritzer III (Parker Hannifin, ACG ACG ACA G (3Ј), and Taqman probe 6FAM-TCC GGA Richland, MI). For bacterial challenge experiments, third in-AGA TAC AAG GGT CCC TGT G-TAMRA; and for ribosomal star larvae were pricked with a thin needle inoculated with a protein 15A, left primer (5Ј) TGG ACC ACG AGG AGG CTA concentrated bacterial pellet (4 ϫ 10 11 cells/ml) from an GG (3Ј), right primer (5Ј) GTT GGT GCA TGG TCG GTG overnight culture of E. coli and Micrococcus luteus bacteria.
A (3Ј), and Taqman probe 6FAM-TGG GAG GCA AAA TTC Hemocyte collection and visualization of hemocytes: Circu-TCG GCT TC-TAMRA. lating hemocytes were collected by rupturing the larval cuticle using a pair of fine forceps. Hemocytes were collected in ice-cold Schneider's medium containing 10 mm EDTA and a protease inhibitor cocktail (Complete, Mini, EDTA-free; Roche) RESULTS to prevent cell aggregation and melanization and were kept larvae confirmed the complete absence of crystal cells and also revealed reduced plasmatocyte numbers compared to that of controls (Figure 1, F and G) . Thus, Dm-Myb is required for the proliferation of larval hemocytes and differentiation of the crystal cell lineage.
Dm-Myb
Ϫ/Ϫ hemocytes demonstrate a phagocytosis defect: Due to the severe proliferation defect of hemocytes both in the circulation and in the lymph gland (see Figure 3 below) of Dm-Myb Ϫ/Ϫ larvae, we generated mosaic animals using the flp/FRT system to further characterize the role of Dm-Myb in larval hematopoiesis. This system utilizes the flp recombinase to induce sitespecific mitotic recombination at the FRT site during the G 2 phase of the cell cycle leading to the generation of homozygous mutant cells (Ϫ/Ϫ) in an otherwise heterozygous animal (ϩ/Ϫ) (Golic and Lindquist 1989; Xu and Rubin 1993) . Application of this technique should facilitate the study of the Dm-Myb proliferation defect in the context of wild-type neighboring hematopoietic cells and might allow us to determine whether Dm-Myb
hemocytes adopt a limited repertoire of cell fates (i.e., a block in hemocyte differentiation) in the presence of a normal lymph gland environment. We choose to positively label the Dm-Myb Ϫ/Ϫ hemocytes with the fluorescent marker GFP via the MARCM system (Lee and Luo 1999) since this technique would facilitate analysis of mutant hemocytes by flow cytometry. This system has in trans to the mutant gene of interest a dominant repressor (GAL80) of GAL4-driven expression of a cell marker (UAS-mCD8a::GFP). Heat-shock-induced expression of the flp recombinase results in mitotic recombination events at FRT sites, generat- and in the hemolymph (Figure 2A ). An analysis of Dm-(F and G) Heat-treated third instar larvae were paraffin emMyb mosaic lymph glands with antibodies against the bedded, sectioned, and stained with the Wright-Giemsa stain.
previously characterized Drosophila hemocyte markers (Franc et al. 1996 (Franc et al. , 1999 ; (F and G) plasmatocytes. Note the decreased number of plasmatocytes in the Dm-Myb mutant (CC, crystal cell; cu, cuticle; peroxidasin (Nelson et al. 1994) ; PDGF/VEGF receptor mu, muscle; PL, plasmatocyte). Figure S1 at http:/ /www.genetics.org/sup visible crystal cells ( Figure 1B) . Crystal cells were deplemental/). tected by heating the larvae to 70Њ for 10 min, resulting Using a flow cytometry staining strategy that facilitates in the premature melanization of the cells and making the discrimination of Drosophila larval hemocytes from them easily visible through the cuticle of control larvae contaminating events acquired during data collection ( Figure 1A ) (Rizki and Rizki 1984) . Visible crystal cells (Tirouvanziam et al. 2004) , we were able to measure were also absent in Dm-Myb, Black Cell double-mutant phagocytosis in living hemocytes. Phagocytosis was larvae, which is of interest because the dominant Black tested by the injection of controlled volumes of fluoresCell mutation causes aberrant melanization of crystal cently labeled, heat-killed E. coli into Dm-Myb To assay the phagocytic function of the two populations (GFPϩ vs. GFPϪ), ratios of hemocytes positive for uptake of E. coli to hemocytes negative for uptake were generated for GFPϩ hemocytes and for GFPϪ hemocytes. A comparison of these ratios between the two populations revealed a phagocytosis defect in the Dm-Myb Ϫ/Ϫ hemocytes in two independent experiments, demonstrating that Dm-Myb Ϫ/Ϫ hemocytes (green bars) are 57-68% defective in phagocytosis compared to that of the Dm-Myb ϩ hemocytes (red bars). dant GSH. Proper intracellular GSH levels are required a phagocytosis defect in the Dm-Myb Ϫ/Ϫ hemocytes. A comparison of these ratios reveals that Dm-Myb Ϫ/Ϫ hefor cell survival; thus, dead cells and debris lack GSH whereas live hemocytes are highly positive for MCB mocytes demonstrate a 57-68% decrease in phagocytosis compared to that of Dm-Myb ϩ cells as determined (GSH hi ) and negative for PI (PI Ϫ ). After the application of the GSH hi PI Ϫ gate, the two populations of hemoby two independent experiments ( Figure 2C ). Our estimation of hemocytes positive for phagocytosis of labeled cytes [Dm-Myb ϩ (GFPϪ) and Dm-Myb Ϫ (GFPϩ)] from MARCM mosaic larvae were compared in their ability E. coli may also include cells with bacteria bound to the cell surface but not internalized. Trypan blue is to take up heat-killed E. coli labeled with the Alexa Fluor594 dye ( Figure 2B ). Calculating the ratio of hemocommonly used to quench the fluorescence of nonphagocytosed particles (Elrod-Erickson et al. 2000) ; cytes positive for uptake of E. coli to negative hemocytes between the two populations (GFPϩ vs. GFPϪ) revealed however, this approach could not be used in these ex- periments since this dye interfered with other probes 3E). No statistical difference was found in the mean ratio of PH3-positive hemocytes to total number of hemocytes used in the FACS analysis.
Dm-Myb and vertebrate B-Myb expression restore
between control lymph glands (1.9 Ϯ 0.4%, n ϭ 8) and UAS-Dm-Myb and UAS-B-Myb rescued lymph glands lymph gland hemocyte proliferation and differentiation: Consistent with the low number of plasmatocytes (2.2 Ϯ 0.9%, n ϭ 7 and 1.1 Ϯ 0.8%, n ϭ 5, respectively). The mean ratio of PH3-positive hemocytes to total numobserved in whole larval sections ( Figure 1G ), the lymph glands of Dm-Myb Ϫ/Ϫ animals are undersized relative to ber of hemocytes was found to be significantly higher (0.02 Ͼ P Ͼ 0.01) between Dm-Myb Ϫ/Ϫ mutant lymph those of control animals in similarly staged third instar larvae (Figure 3) , the period of greatest lymph gland glands (22.4 Ϯ 10.8%, n ϭ 5) and control lymph glands, UAS-Dm-Myb rescued lymph glands, and UAS-B-Myb reshemocyte proliferation (Lanot et al. 2001) . Furthermore, the reduced number of hemocytes contained cued lymph glands. In addition, cell proliferation was restored as meawithin the lymph glands of Dm-Myb Ϫ/Ϫ larvae have aberrant nuclei as revealed by DNA staining ( Figure 3D) . ) is a lacZ reporter insertion generated.
We found that, in addition to an overproliferation of in the misshapen gene, a component of the JNK kinase pathway. These results suggest that this stress pathway plasmatocytes in the primary lymph gland lobes, the secondary lymph gland lobe hemocytes aberrantly difmay be upregulated in Dm-Myb Ϫ/Ϫ hemocytes in the absence of lamellocyte differentiation. ferentiate into lamellocytes in hop Tuml mutants (Figure 4 , E-H). It is thought that the normally smaller secondary Furthermore, the double-mutant (hop Tuml , MH107) hemocytes exhibit amorphous nuclear DNA and PH3 lymph gland lobes serve as a reservoir of undifferentiated prohemocytes (Lanot et al. 2001 (Figure 4 , I-L) larvae do not hemocytes between control secondary lymph glands (1.9 Ϯ 0.6%, n ϭ 6) and hop Tuml secondary lobes (1.9 Ϯ demonstrate abnormal lamellocyte differentiation as determined by the absence of an increased expression 0.1%, n ϭ 7) were statistically indistinguishable. Similarly, there was no significant difference between the of lamellocyte enhancer-trap marker (msn lacZ ) over the background staining seen in the control. While hemomean ratio of PH3-positive hemocytes to total number of hemocytes in the secondary lymph gland lobes of the cytes in the secondary lymph gland lobes of hop Tuml , Dm-Dm-Myb Ϫ/Ϫ single mutant (24.2 Ϯ 10.5%, n ϭ 5) and of Drosomycin and Diptericin expression were found to be similar in bacterially challenged control and Dmthe hop Tuml , Dm-Myb Ϫ/Ϫ double mutants (16.5 Ϯ 5.7%, n ϭ 12). However, there was highly significant differMyb Ϫ/Ϫ larvae ( Figure 5Q ). Furthermore, Toll 10b , DmMyb Ϫ/Ϫ double-mutant larvae constitutively express Droence (P Ͻ 0.001) in the mean ratio of PH3-positive hemocytes to total number of hemocytes in the secondsomycin at comparable levels to those of Toll (Lemaitre et al. 1996) . Through the use of real-time PCR analysis, the kinetics tion) subsequent to initial duplication from an ancestral , Dm-Myb Ϫ/Ϫ double-mutant larvae argues against the invertebrate Myb proteins.
We propose that B-Myb and Dm-Myb do not function Dm-Myb acting as a transcriptional activator in this aspect of Toll pathway signaling. However, a transcripdirectly as traditional transcriptional activators but share conserved and essential roles in S-phase that facilitate tional role for Dm-Myb in the expression of other unknown downstream targets of Toll signaling remains the proliferation and subsequent differentiation of larval hemocytes. The co-immunolocalization of nuclear possible. The phagocytosis defect uncovered using the MARCM Dm-Myb and B-Myb proteins with BrdU was observed in rescue experiments in both mitotically dividing heapproach is also consistent with a role for Dm-Myb in hemocyte proliferation. Through use of the MARCM mocytes and endocycling pericardiocytes for Dm-Myb. The absence of crystal cells in the Dm-Myb Ϫ/Ϫ larvae is system we have demonstrated that Dm-Myb
hemocytes exhibit a cell-autonomous defect in phagocytosis consistent with a general requirement of Dm-Myb for proliferation. The crystal cell population may be particuin a wild-type hemolymph environment. This result suggests that Dm-Myb Ϫ/Ϫ hemocytes are not properly devellarly sensitive to perturbations in mitotic cell proliferation since these cells constitute a minor population of oped and may be blocked in their differentiation. Our finding that Dm-Myb Ϫ/Ϫ hemocytes are impaired in hemocytes (typically Ͻ5% of the total hemocyte population; Lanot et al. 2001) . It seems likely that differentiaphagocytosis in vivo is consistent with an in vitro assay using cultured Drosophila S2 cells, in which Dm-Myb tion of crystal cells requires normal levels of proliferation and that larval hemocyte proliferation is Dm-Myb depenwas identified among 34 genes in an RNAi-based screen for defective phagocytosis (Ramet et al. 2002) . The dent, with vertebrate B-Myb functionally complementing this requirement for Dm-Myb. phagocytosis defect observed in the MARCM-generated Dm-Myb Ϫ/Ϫ hemocytes may be due to the inability of regulating gene expression in G 0 and early G 1 (Torelli et al. 1985; Lipsick and Boyle 1987; Lam et al. 1992 ; Lam these cells to progress appropriately through the cell cycle. For example, appropriate progression through and Watson 1993; Zwicker et al. 1996; Campanero et al. 1999) . Potentially the cell cycle regulation of both the cell cycle is thought to be required for proper differentiation of bipotent progenitor CD4 ϩ helper T-cells these genes is an important vestigial remnant of the ancestral function of Myb proteins, with the acquisition in mammals (Mullen et al. 2001) . The expression of lineage-restricted genes and silencing of alternative difof the transcriptional activation domain leading to neofunctionalization of the ancestral A-Myb/c-Myb and a ferentiated states has been shown to be cell cycle dependent in these cells. In particular, progenitor cells that role as transcriptional activator. Consistent with a bricolage model of evolution, both A-Myb and c-Myb are exare unable to cycle remain undifferentiated and bipotent even when exposed to maturation signals. A similar pressed highly in and may be required for maintaining the proliferation of immature transiently amplifying cells cell cycle-dependent differentiation mechanism has been observed in the slime mold Dictyostelium discoideum, prior to differentiation in a variety of tissues and cells such as the skin epithelium, the colon, testis, and during where the tendency of single amoebae to differentiate into either prespore or prestalk cells occurs via a cellhematopoiesis (Queva et al. 1992; Sleeman 1993; Amaravadi and King 1994; Mettus et al. 1994 ; Trauth et al. autonomous mechanism dependent on the position of each cell within the cycle when exposed to an extrinsic 1994; Sitzmann et al. 1995) . The findings reported here support the establishment of Drosophila as model for developmental cue (Gomer and Firtel 1987) .
The rescue of the crystal cell lineage and the restorastudying the evolution and functional divergence of other dispersed multigene families that arose during tion of proliferation and appropriate levels of PH3-positive hemocytes in the lymph gland of Dm-Myb 
